Introduction
The soil seed bank can contribute significantly to the dynamics of plant communities (Egler 1954 However, the observed patterns may depend on the scale of observation (Wiens 1977) ; thus, the relevant scales of variation need to be identified before processes can be studied (Urban, O'Neill & Shugart 1987). Therefore, the sampling design is crucial to understanding the dynamics of vegetation, seed bank and their relations.
We investigated the spatial patterns of species richness and composition for the soil seed content and the vegetation in a set of three old-fields (1, 7, and 15 yr after the last ploughing) in southern France. We used a hierarchical sampling design to describe the degrees of heterogeneity for species richness and composition on three scales: the sampling units: plots of 0.25 m2 of vegetation, and 0.05 m2 in the seed bank; plots of 100 m2 within fields, and entire fields of 1000 m2. Patterns were compared between vegetation and seed bank and the following hypotheses were tested: 1. Due to the hierarchical nature of vegetation patterns (Krummel et al. 1987 ; O'Neill et al. in press), observations of the spatial structure may be strongly scaledependent. Therefore, a nested sampling design is appropriate to detect the exact patterns of spatial variability. 2. Fields of different successional ages are homogeneous entities for both species richness and composition of the vegetation and seed bank (i.e. their internal variation is smaller than the differences between fields). 3. The patterns of spatial heterogeneity in vegetation and seed bank are related, and similarity values are scale-dependent. Results will be compared with previous studies of scales of spatial heterogeneity in the seed bank, and with observations on the relations between patterns in the seed bank and the vegetation. We will also discuss some practical implications concerning sampling designs and data aggregation.
Methods

Study site
The study site is located near Montpellier, in the French Mediterranean region (43039' N 3?51' E). The climaie is classified as subhumid Mediterranean with cool winters (Daget 1977) . Rainfall is irregular with an annual mean of 857 mm. The mean of the minimum temperatures of the coldest month, January, is 0.6 ?C and the mean of the maximum temperatures of the warmest month, July, is 28.7 ?C (Debussche & Escarre 1983). Frost occurs regularly from mid-November to mid-March. The soil is a 1.5 m deep Mediterranean red soil on a limestone substrate.
The landscape consists of a mosaic of successional stages from ploughed fields to coppices of Quercus ilex.
The study site comprises a set of three abandoned fields, which differ in time since last ploughing (1,7 and 15 yr). They are considered as stages in a successional sere, since their environment and their earlier histories are the same. A fairly similar successional vegetation in the same region was described by Escarre et al. (1983) .
Seed bank and vegetation sampling (Fig. 1) In each of the three fields, three 0.01 ha plots were chosen as visually homogeneous in species composition. Within each plot, seven to nine 50 cm x 50 cm squares (referred to as 'subplots') were distributed randomly, with a minimum of 2 m between any two of them (it is estimated that over 90% of the seeds of herbaceous species fall within 1 m of the mother plant). The species present in these squares were identified every month from April to October 1988. Additional species outside the subplots at the levels of the plot and of the field were also recorded during releves on these scales. Monthly sampling on the scale of the plots from April to June 1989 did not add new species to those observed in 1988. The tables of species composition of the vegetation on the scale of the subplots and of the plots will be further referred to as VGS and VGp respectively.
The soil was sampled at three dates covering the periods of natural germination, in relation to average favourable moisture conditions: early October and early December 1988, and March 15 1989. At each of these dates, within each plot, ten 500 cm2 (22.4 x 22.4 cm), 3 cm deep, subplots were randomly distributed between Thompson & Grime 1979) . For this purpose, the soil cores were laid in 20 cm x 30 cm germination trays, which were arranged at random under a transparent plastic shelter and watered daily by misting. The temperatures were close to outdoor conditions, although the diurnal variations were slightly reduced. Most seedlings appeared during the first month. The soil was turned upside down after two months and observed for signs of germination for two more months, but no new species were recorded in any of the soil cores.
The seedlings were identified as soon as they were large enough, and pulled out in order to keep the densities low. Seeds were identified at the species level using reference seedlings grown from seeds harvested the previous year, and available weed seedling flora ( Since we are interested in the spatial structure of the germinable seeds present over the whole vegetation cycle, we analysed the sum of all presence-absence records over the three sampling dates (see for an analysis of seasonal variability), and composed a table of abundances of these taxa in relation to the location of the soil cores. The taxonomic composition of the seed bank at the plot level was obtained by simple presence-absence aggregation of the subplots within each plot. We also analysed the taxonomic composition at the level of the plot when only the species present in more than 10% of the subplots (i.e. 3 subplots) were considered. The tables of species composition of buried germinable seeds on the scales of the subplots, of the plots, and of the plots with the species present in at least 10% of the subplots will be further referred to as BKS, BKp, and BKpR respectively.
Statistical methods
Correspondence Analysis (CA, see e.g. Hill 1973) is a well-known technique which gives simultaneous ordinations of rows and columns (releves x species). In the present context CA was applied to seed counts and species abundance notes, and considered suitable to 0/1 data as well (Prodon & Lebreton 1981) . We also applied Canonical Correspondence Analysis (CCA) to constrain CA axes to be linear functions of environmental variables and to combine direct and indirect methods of ordination (ter Braak 1986; see also Lebreton et al. 1988a ).
In To account for the hierarchical design of our study we used categorical variables Xf, Xp, Xs, with respectively 3, 9, and 69 (vegetation) or 90 (seed bank) categories, to represent the three levels of the design; we also associated a particular conditional CCA/ to each level i in the design, and thus a particular number of axes nl and a particular inertia I(CCA/). CCA1 is a CCA with respect to Xf, with n1 = 2; CCA2 to Xp/Xf, with n2 = 6; CCA3 to Xs / Xp, with n3 = 60 (vegetation) or 81 (seed bank) ( Table 1) .
The axes of each of these analyses are conditional (ter Braak 1988; Sabatier, Lebreton & Chessel 1989) and are not correlated to variations at higher levels. As a consequence, the inertias I(CCAl) add up to I(CA). Similarly, the MCR values, I(CCA,)/I(CA), add up to 1. The parameters n, and I(CCA,) play the same role as degrees of freedom and sum of squares respectively in univariate nested analysis of variance. Hence, the variation in species composition is broken down into hierarchical components induced by the design. The role of a particular level of sampling is even more precisely quantified by accounting for its number of axes, i.e. by using I(CCA,)/n,, which is analogous to the Mean Square Error in ANOVA. The procedure and the analogy with ANOVA is described in Table 1 .
The In, ordinations obtained (for samples and species respectively) are not correlated, within a given analysis as well as between analyses. Rather than looking for a posteriori uncorrelated ordinations of decreasing importance, like CA does, our approach splits the information according to the a priori design.
In a complementary way, the variation in the number of species per subplot, respectively in the vegetation and in the seed bank, was analysed by a nested analysis of variance, using a mixed model to account for the random character of PLOTs within FIELDs. Richness values for vegetation and seed bank at the same level of sampling were compared by nonparametric one-way ANOVA (Kruskal-Wallis test). (Fig. 2b) , as well as on the scale of the plot -F(1,8) = 8.13; p < 0.025 - (Fig. 2d) .
Results
Species
The number of species in vegetation or seed bank depended significantly on the field (p < 0.05) but not on the plot within a given field, whether the data are considered on the scale of the subplot or on the scale of the plot (Table 2) . Thus, the fields can be considered as internally homogeneous for species richness. The seed bank was richer than the vegetation on the small scale (Kruskal-Wallis test KW(1) = 13.34; p < 0.001). On the scale of the plot, seed bank richness was higher than in the vegetation, but this trend was not significant (Kruskal-Wallis test KW(1) = 0.87; p > 0.05). The order was reversed for richnesses on the scale of entire fields, and, as a whole, the vegetation was richer than the seed bank. Hence, the grain for species richness was coarser in the vegetation than in the seed bank. The inertias of unconstrained CA of the tables of taxonomic composition of the vegetation and the seed bank were much higher than those of the CCA relative to the spatial factors (Table 3a) . This showed a strong residual variation on the scale of the subplot. For the data on the scale of the unit subplot, the factor FIELD contributed more to the total variation than the factor PLOT, as shown by the values of the MCR and I(CCA!)/ n, in the respective CCAs (Table 3a) . Thus, in biological terms, differences between fields were more important than differences between plots within fields, so most of the spatial variation was due to differences in species composition between fields. The contributions of the FIELD and the PLOT factors were reversed for the data aggregated on the scale of the plot (Table 3b ). The elimination of infrequent species from the seed bank data (using BKpF) did not modify this effect of aggregation, although it increased the importance of the variability between fields relative to that within fields (Table 3b).
Taxonomic composition
For vegetation seed bank composition on the scale of the subplot, the first axis of the CCA relative to the variable FIELD alone contrasted the 1-yr old field to the two older fields (7-yr and 15-yr old), while the second axis separated the 7-yr old from the 15-yr old field (Fig.  3) the Asteraceae, commonly met as weeds in the area (Table 4a ). The two older fields were opposed to that field by the frequent presence in the vegetation of two grass species, and of four annual forbs (Table 4bl ). The vegetation of the 7-yr old field owed its specificity to two grasses, and four perennial species (Table 4b2 ). The vegetation of the 15-yr old field was characterized by four grasses, one annual legume and one annual forb, two monocarpic perennials, four perennial forbs, and three woody species (Table 4b2 ). The seed bank of the 1-yr old field was distinguished by a variety of short-lived forbs, with again many species from the Asteraceae (Table 4c ). The seed banks of the two older fields were distinguished from that of the younger field by the (Table 4dl) . One summer annual and five perennials were specific to the seed bank of the 7-yr old field (Table 4d2) . Finally, the seed bank of the 15-yr old field was characterized by two grasses, five short-lived forbs, and one shrub (Table 4d2) .
The ratios I(CCA,)/n, were higher in the vegetation than in the seed bank for all scales (Table 3), indicating that the vegetation was more heterogeneous than the seed bank. In addition, the relative contribution of the heterogeneity on the scale of the field to the overall spatial variability, as estimated by the inertia/dimension ratio in the CCA relative to FIELD alone, was larger in the vegetation than in the seed bank. This suggests that the grain in the vegetation was coarser than in the seed bank. These differences were less on the scale of the plot as compared with the subplot. Thus, broad scale patterns in the vegetation and the seed bank were similar.
Discussion
Nested spatial patterns and sampling design
In spite of the high between-subplot variation, the within-field heterogeneity in species richness and composition was smaller than the between-field heterogeneity, for the vegetation as well as for the seed bank. From the list of species concerned, we interpret these differences between fields as reflecting their differences in successional age. We conclude that fields had a fairly high internal homogeneity. A nested sampling design such as the one used here minimizes the small-scale variability (i.e. on the scale of the subplot), while maximizing the large scale variability (i.e. on the field scale) (Scherrer 1983) , and hence assesses the large-scale variability with a good reproducibility. Our results validate the use of a nested sampling design for providing a reliable representation of the spatial variability in species assemblages having a hierarchical pattern. Such a design will then allow the use of aggregated data on the scale of the entire field for further analyses of species richness and composition. In addition, small-scale variation may be amplified to some extent by the occurrence of infrequent species in the analyses, although CCA is fairly robust with regard to rare species (ter Braak 1986). The fact that the contributions to the total variation on the scales of the field and of the plot respectively were reversed when the data were aggregated from the scale of the subplot to the scale of the plot, may also result from an effect similar to that when using presence-absence data. Indeed, the subplot frequency of species is a sort of coefficient of abundance (Chessel 1978 ; see Prodon 1988 for a discussion). After reduction to presence-absence on the scale of the plot this quantitative information is lost, so that the relative weight of rare species is increased. 8g Attention should be drawn to this artifact linked with the use of presence-absence data, and its impact on the study of spatial patterns. On the other hand, with presence-absence data emphasis on fine-grain variation, linked in particular to seed clumping, is avoided. Thus, a presence-absence approach represents a fair compromise between logistic costs and obtaining a realistic description of spatial variability.
Comparison of vegetation and seed bank patterns
The use of similar designs and analyses for the sampling of the vegetation and seed makes it possible to compare their spatial structures, that is the partition of the variation over the scales used. Both species richness and taxonomic composition were found to display a coarser grain in the vegetation than in the seed bank. However, the higher spatial heterogeneity in taxonomic composition in the vegetation could be a statistical consequence of the differences in species richness. The number of species per subplot in the vegetation is smaller, but drawn from a larger pool. Since the possibilities of overlaps among random samples will decrease with their sizes, independent subplots from the vegetation are likely to display a variance larger than that of the subplots from the seed bank. This effect is enhanced by the fact that the pool for the seed bank is smaller than for the vegetation: in effect, the probability of overlaps between subplots will be reduced, and the variance made even smaller. Finally, the subplots for the vegetation were larger than those for the seed bank, which could explain the differences observed in the degrees of small scale variability. However, space may not be perceived in the same way by seeds and adult plants; moreover the choice of smaller subplots for the seed bank seems logical to avoid seed clumping effects.
The species compositions of the seed bank and the vegetation have been compared and often been found to differ (e.g. Thompson We discussed only a few of the many phenomena modifying the spatial distribution patterns of mother plants in the vegetation as well as those observed for the seeds in the soil. For the time being, the dynamic mechanisms and historical factors which link these two components of the plant community need to be studied case for case, while waiting for a more general predictive scheme of spatial patterns to be developed. The application of Canonical Correspondence Analysis to composition data obtained using an adequate spatial design enables us to de-compose the spatial variability into additive levels, which provides us with a useful tool for the testing of hypotheses.
